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SYNTHESIS OF H-SHAPED TERPOLYMERS VIA TRIPLE CLICK 
REACTIONS  
SUMMARY 
Much efford has been paid to the synthesis of complex macromolecules with 
improved properties in the searches for polymers. H-shaped polymers are good 
example of complex macromolecules with their improved synthesis methods. H-
shaped polymers are defined as two side chains attached to the each end of a polymer 
backbone (main chain). 
The ionic polymerizations (anionic or cationic) were the only living systems 
available until last decade. Polymers with well-designed structures are generally 
prepared by controlled polymerization methods has fast increased because of 
desirable polydispersity, controlled molecular weight and functionality. These 
methods include: ring opening polymerization (ROP), atom transfer radical 
polymerization (ATRP), nitroxide-mediated polymerization (NMP), reversible 
addition-fragmentation chain transfer (RAFT), and combinations of these methods. 
Meanwhile, the development of the click reactions particularly, copper (I) catalyzed 
azide-alkyne cycloaddition (CuAAC)  and Diels–Alder (DA) reactions have provided 
new synthetic pathways for the preparation of H-shaped polymers.The click reaction 
has been used in a variety of other polymerization reactions not only related to living  
polymerizations. With respect to polymeric substrates, the reaction deﬁnitely speeds 
up the use of polymers with deﬁned functional ligands by simple conditions. 
In this study an H-shaped terpolymer was synthesized via a combination of triple 
click reactions, azide-alkyne, Diels-Alder and Nitroxide Radical Coupling (NRC). A 
multifunctional organic compound containing bromide, anthracene and alkyne 
functionalities was used as the core for the H-shaped terpolymers. 
As a first step, maleimide-terminated poly(ethylene glycol) (PEG-MI), was linked to 
the core via Diels-Alder click reaction and also a multifunctional core including 
alkyne, bromo and anthracene functions that used as a linking agent to form the 
corners of the H-shaped polymers was prepared with PMMA-MI via DA. 
Subsequently, the difunctional initiatior was synthesized by ATRP. After that, 
difunctional polystyrene, N3-PS-N3, and (TEMPO)-terminated poly(e-caprolactone) 
(PCL-TEMPO), were clicked to the PEG-modified core via azide-alkyne click and 
NRC reaction in a one-pot fashion to yield H-shaped terpolymer (PEG)(PCL)-PS-
(PEG)(PCL). 
In addition to this,  difunctional polystyrene, N3-PS-N3, and (TEMPO)-terminated 
PEG (TEMPO-PEG), were clicked to the PMMA-modified core via azide-alkyne 
click and NRC reaction in a one-pot fashion to yield another H-shaped terpolymer 
(PEG)(PMMA)-PS-(PEG)(PMMA). 
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The precursors and the H-shaped terpolymers were characterized by 
1
H-NMR and 
GPC. The synthesis procedures of each precursors and H-shaped terpolymers were 
detailed in the experimantal part and also the characterizations of these were 
discussed in the results and discussion part. 
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ÜÇLÜ KLİK REAKSİYONLARI İLE H-ŞEKİLLİ TERPOLİMER SENTEZİ  
ÖZET 
Polimerlerin özelliklerinin geliştirilmesi için, üstün özellikler gösteren kompleks 
moleküllerin sentezine oldukça yoğun bir çaba harcanmaktadır. Gelişmekte olan 
sentez metodlarıyla, H şeklindeki polimerler kompleks moleküllere iyi birer 
örnektirler. H şeklindeki polimerler, en basit tanımıyla, polimer ana zincirinin her iki 
ucuna iki yan zincirin bağlanması olarak tanımlanabilirler. 
Bu doğrusal yapıda olmayan polimerler pek çok uygulama alanına sahiptir. H şekilli 
polimerler de, lineer olmayan yapılarıyla bu uygulama alanlarında kullanılmaya aday 
olarak gösterilebilirler. Örneğin, optik bilgi saklama depoları, optik sensörler ve 
telekominakasyon uygulamaları gibi yüksek optik özelliklere sahip kromofor uçlu H 
şekilli polimerler hali hazırda kullanılanlara iyi bir alternatif olarak gösterilebilir. 
Farklı iskelet yapısına sahip polimerlerin yanında önem kazanan H şekilli 
polimerlerin, mikto kollu yıldız polimerler ile sentezi oldukça zor olan blok tipi 
kopolimer sentezleri literatürde mevcuttur. 
Pek çok fonksiyonu olan bu kompleks yapıdaki makromoleküllerin sentezinde, on yıl 
öncesine kadar iyonik polimerizasyon (anyonik veya katyonik), yaşayan sistemler 
içinde mevcut tek yöntemdi. Yaşayan polimerizasyon, zincir transferi ve sonlanma 
basamakları olmaksızın ilerleme gösteren bir zincir polimerizasyonudur. Bu tür 
polimerizasyonlarda, polimerleşme monomerin tamamaı tükeninceye kadar devam 
ettiği gibi ekstra monomer ilavesinde de polimerizasyonun devamı söz konusu 
olmaktadır. İstenilen molekül ağırlığı dağılımı, fonksiyonlandırma alternatifleri ve 
molekül ağırlığını kontrollü bir şekilde istenilen düzeye çekebilmesi özellikleriyle, 
kontrollü/yaşayan polimerleşme sentezlerinin, sağladığı daha iyi deneysel 
koşullarıyla, kullanımında hızlı bir artış görülmektedir. Tersinir ekleme-ayrılma 
zincir transfer polimerizasyonu (RAFT), nitroksit ortamlı radikal polimerizasyonu 
(NMP) ve genellikle atom transfer radikal polimerizasyonu (ATRP) olarak bilinen 
metal ortamlı yaşayan radikal polimerizasyonu en yaygın olarak kullanılan yaşayan 
radikal polimerizasyon yöntemlerindendir. 
ATRP bunlar arasında en sık kullanılanıdır. Bu yaşayan polimerleşme, sıcaklık gibi 
reaksiyon parametrelerinin kontrolü ile kolayca durdurulup yeniden başlatılabilir. 
ATRP’den önce ortaya çıkan kontrollü polimerleşme yöntemlerinde her türlü 
monomer kullanılamamasına karşı, ATRP mekanizması ile geniş bir monomer 
seçkisi polimerleşme için kullanılabilir. Ayrıca halojen transferiyle aktif radikallerin 
deaktivasyonu polimerlerin yaklaşık olarak aynı hızda büyümesine, bu ise dar 
molekül ağırlığı oluşumunu sağlar. Bu yöntemlere ek olarak, halka açılması 
polimerizasyonu dönüşümle birlikte doğrusal olarak molekül ağırlığı artışı ile farklı 
bir reaksiyon kinetiğine sahip bir yaşayan polimerizasyon türüdür. 
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Yaşayan polimerler ile ilgili bu gelişmeler yaşanırken, ‘’click reaksiyonlarının’’ 
gelişmesi, özellikle bakır(I) katalizli azid-alkin siklokatılma (CuAAC) ve Diels-
Alder reaksiyonları H şekilli polimerlerin hazırlanması için yeni sentetik yollar 
sağlamıştır. Sharpless ve çalışma arkadaşları tarafından, en yaygın katalizör olan Cu 
(I) üzerinde çalışılan bu yaklaşım ise ilk 2001 yılında yayınlanmıştır. Klik kimyası 
sadece yaşayan polimerlerin sentezinde değil,  aynı zamanda başka polimerizasyon 
uygumaları için de kullanılmaktadır. Değişik polimer tiplerinde, tanımlanmış ligand 
yapıları ve basit deney koşullarıyla, reaksiyon hemen en sık kullanılan, araştırılan 
yöntemlerden biri olmuştur. Ayrıca, klik kimyasında önem kazanan , diğer bir 
yöntem olan nitroksit ortamlı radikal çiftlenmedir. Önceden hazırlanan nitroksit 
ortamında, örneğin TEMPO uçlu bir polimer ile, elektron alışverişi ile gerçekleşir. 
Bu tez çalışmasında, kontrollü/yaşayan polimerizasyon teknikleri ile Klik kimyası 
yöntemleri kullanılmış ve sonuç ürünleri olarak H-şekilli terpolimerler 
sentezlenmiştir. Çalışmamızda bakır katalizli azid-alkin siklokatılma (CuAAC) ve 
nitroksit ortamlı radikal çiftlenme (NRC) reaksiyonlarının, aynı esnada 
gerçekleşebileceği bir reaksiyon ortamı ile H şekilli terpolimerler elde etmeyi 
amaçladık. 
Kullanılan yöntemleri saymak gerekirse; Diels-Alder (DA), bakır katalizli azid-alkin 
siklokatılma (CuAAC), nitroksit ortamlı radikal çiftlenme (NRC) reaksiyonlarının 
üçlü kombinasyonlarıyla elde edilmişlerdir. Aynı zamanda, brom-alkin-antrasen çok 
fonksiyonlu uçlarıyla ana polimer zincirine farklı kimyasal yapıdaki polimerlerin 
tutunmasına yardımcı olacak ‘çekirdek’ adını verdiğimiz çok fonksiyonlu yapı 
kullanılmıştır. 
İlk olarak, çekirdek adı verilen üç fonksiyona sahip madde sentezlenmiştir. 
Çekirdeğin sentezlenmesinde birçok polimerizasyon yöntemi kullanılmıştır. 
Çekirdek sentezi için uygulanan prosedürde, maleik anhidrit, toluen içerisinde 
çözülmüş, furan eklenmiş ve 4,10-dioxatrisiklo[5.2.1.02,6]dec-8-ene-3,5-dion elde 
edilmiştir. 4,10-dioxatrisiklo[5.2.1.02,6]dec-8-ene-3,5-dion maddesi alkol haline 
çevrilerek 4-(2-hidroksietil)-10-oxa-4-azatrisiklo[5.2.1.02,6]dec-8-ene-3,5-dion 
maddesine çevrilmiştir. 4-(2-hidroksietil)-10-oxa-4-azatrisiklo[5.2.1.02,6]dec-8-ene-
3,5-dion maddesi trietilamin, süksinik anhihrit ve DMAP eldesi ile asit formuna 
çevrilerek 4-(2-{[(3-acetil-7-oxabisiklo[2.2.1]hept-il)carbonil]amino} ethoxy)-4-
oxobutanoik asit  elde edilmiştir. Poli(etilen glikol) metil eter (Me-PEG), ile 4-(2-
{[(3-acetil-7-oxabisiklo[2.2.1]hept-il)carbonil]amino} ethoxy)-4-oxobutanoik asit 
reaksiyonu sonucu furan-korumalı maleimid sonlu (PEG-MI) elde edilmiştir. 
Aynı yöntemle furan korumalı maleimid uç-fonksiyonlandırılmış polimer: poli(metil 
metakrilat) (MI-PMMA) sentezlenerek, brom-antrasen-alkin uçlu, çok fonksiyonlu 
çekirdek yapıya tutturuldu. 
Daha sonra, esterleşme yapılarak hazırlanan çift ucu da fonksiyonlu organik başlatıcı 
sentezlendi ve ATRP ile stirenin polimerizasyonu gerçekleştirildi. 
Buna ek olarak, polistiren azidlenerek, halka açılması yöntemiyle elde edilmiş 
(TEMPO) uçlu poli(ԑ-kaprolaktam) ve polistiren , tek seferde nitroksit ortamda 
radikal çiflenmesi ve azid-alkin klik reaksiyonu yardımıyla, furan korumalı maleimid 
uç- fonksiyonlandırılmış PEG çekirdek yapısına tutturulup H şekilli terpolimer 
(PEG)(PCL)-PS-(PEG)(PCL) elde edildi. 
Aynı şekilde, furan korumalı maleimid uç fonsiyonladırılmış PMMA ile çekirdeğin 
birleştirilmesinden elde edilen, bu çok fonksiyonlu yapıya polistiren ve TEMPO PEG 
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çekirdeğe tek bir aşamada tutturularak diğer bir H- şekilli terpolimer 
(PEG)(PMMA)-PS-(PEG)(PMMA) elde edildi. 
Tüm aşamalarda kullanılan ve sentezlenen maddeler, ayrıca sonuç ürünü olarak elde 
ettiğimiz H şekilli polimerler, 1H-NMR ve GPC analizleri yapılarak karakterize 
edildi. Tek aşamada aynı esnada gerçekleşen üçlü klik reaksiyonları başarıyla 
gerçekleştirildi. Her bir aşamada sentezlenen ve sonuç olarak elde edilen H şekilli 
polimerlerin, sentezlenme prosedürleri deneysel kısımda detaylı bir şekilde anlatılmış 
olup, analizler sonucu yapılan karakterizasyon çalışmaları, sonuç ve tartışma 
bölümünde detaylıca anlatılmıştır. 
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1.  INTRODUCTION 
The ionic polymerizations (anionic or cationic) were the only living systems 
available until recently. These systems provide the polymers with the controlled 
molecular weight, well-defined chain ends and low polydispersity. In recent years, 
the controlled/living radical polymerization (C/LRP) techniques for the synthesis of 
complex macromolecules has fast increased because of the variety of applicable 
monomers and more tolerant experimental conditions than the living ionic 
polymerization techniques require [1-3]. The reversible addition fragmentation chain 
transfer [4] (RAFT) polymerization, the nitroxide-mediated radical polymerization 
[5] (NMP), and the metal mediated living radical polymerization often called atom 
transfer radical polymerization [6-8] (ATRP) are versatile methods for the living 
radical polymerizations. 
The “click chemistry” concept was introduced by Sharpless and coworkers in 2001 
[9]. Selected reactions were classifield as click chemistry if they were modular, 
stereospecific, wide in scope, resulted in high yields, and generated only safe 
byproducts. Several efficient reactions such as copper (I) catalyzed azide-alkyne  
cycloaddition (CuAAC), Diels-Alder (DA) and thiol additions to double bond (thiol-
ene), can be classified under this term. Since their fast growth, click chemistry 
strategies have been rapidly integrated into the field of macromolecular engineering 
and extensively been used in the synthesis of polymers ranging from linear to 
complex structures. 
H-shaped polymers defined as two side chains linked to the each end of a polymer 
backbone (main chain) have been generally prepared through anionic polymerization 
technique starting from chlorosilane or aromatic diolefins as coupling agents [11-15]. 
Various types of H-shaped homo- and copolymers have been successfully prepared 
using this technique. Because of its architectural difference, H-shaped polymers 
show different rheological and micellar properties and self-assembled structures 
compared to analogous linear or branched block copolymers. H-shaped polymers are 
important as model materials in understanding the rheology of branched polymers 
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such as low density polyethylene (LDPE) [16-18]. In this thesis, we developed novel 
approaches for the synthesis of various H-shaped polymers using different kinds of 
C/LRP polymerization techniques and CuAAC or the combination of DA and 
CuAAC click reactions. For this purpose, first, PEG-alkyne/Br with N3-PS-N3 and 
PCL-TEMPO respectively in a one pot fashion to afford an H-shaped polymer, 
(PEG)(PCL)-PS-(PEG)(PCL). And also, the CuAAC and NRC click reactions of 
PMMA-alkyne/Br with N3-PS-N3 and PEG-TEMPO respectively in a one pot fashion 
were conducted in same conditions to afford an H-shaped polymer, (PEG)(PMMA)-
PS-(PEG)(PMMA).  
 
Figure 1.1 :  Synthesis of H-shaped terpolymers via triple Click chemistry. 
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2.  THEORETICAL PART  
2.1 Controlled/Living Radical Polymerization C/LRP  
Macromolecular engineering of polymers with well-defined and applications through 
composition,  size (molecular weight), uniformity (polydispersity), topology and  
end-functionality is essential to modern synthetic polymer chemistry research and 
advanced technological applications [1-2]. 
Nearly vast part of commercial synthetic polymers is made by using conventional 
free radical polymerization (FRP), which has so many advantages such as  the 
polymerization of numerous vinyl monomers under mild reaction conditions, 
requiring an oxygen free medium, also tolerant to water, and a large temperature 
range (-80 to 250
o
C) [3]. But it has some limitations, particularly in comparison with 
living processes [4-5]. 
The term of living polymerization is a chain growth polymerization. An ‘’ideal’’ 
living system is that the growing chain end propagates without chain transfer and 
termination. Szwarc et al. reported the first living polymerization in 1956, which was 
the anionic polymerization of styrene with sodium naphthalenide [6,7]. Well-defined 
polymers with uniform size, desired functionalities and various architectures have 
been increasingly achieved via living ionic polymerization. However, ionic 
polymerizations typically require stringent reaction conditions and have a limited 
range of (co)polymerizable monomers [8]. Following developments in living anionic 
polymerization by Michael Szwarc, new approaches towards synthesis of 
macromolecular engineered materials termed as controlled/’living” radical 
polymerizations (C/LRP) have been developed [9-10]. 
Mechanistically, C/LRPs are similar to FRP and proceed through the same 
intermediates. However, in C/LRPs the equilibrium between active and dormant 
species allows steadily growth of polymer chains via near instantaneous initiation 
and chain breaking reactions is minimized [11,12]. There are three classes of C/LRP, 
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i.e. nitroxide mediated polymerization (NMP) [13,14], atom transfer radical 
polymerization (ATRP) [15-16], and reversible addition-fragmentation chain transfer 
(RAFT) polymerization [17-18]. These methods have been known as powerful tools 
for preparing polymers with predetermined molecular weights, narrow molecular 
weight distributions, specific end functionalities, and well- defined architectures 
[14]. 
2.1.1 Nitroxide mediated radical polymerization    
In 1982, Otsu et al. were the first to attempt to use a stable radical as a mediating 
agent in free radical polymerization[19] (2.1). This process proceed with an iniferter 
compound which is capable of initiation, transfer, and termination. Different from 
common initiators that homolytically cleave to yield two identical primary radicals, 
iniferters also cleave homolytically to give two radicals but one initiate the system 
and the other one reversibly terminates a propagating chain. The iniferter process 
was limited control because the initiating radical generally was too unreactive and/or 
the stable free radical also initiated chains. The most favorable iniferter processes 
have leaned on thioiniferters, which can control molecular weight with low 
polydispersities (Mw/Mn) [20] (2.4). 
 
(2.2) 
Building on the limited success of the iniferter process, NMP was introduced in 1986 
by Solomon, Rizzardo and Moad. They were the first to demonstrate  the reversible 
end capping of the propagating chain ends by alkoxyamines, as 2,2,6,6-
tetramethylpiperidinyl 1-oxy (TEMPO). This initial NMP process was successful to 
control only styrenics, and like the iniferter process, limited control was obtained 
[21] explained. The use of TEMPO in C/LRP was a report from the group of 
Georges [21] who demonstrated that polystyrene with narrow MWD can be prepared 
using a mixture of benzoyl peroxide (BPO) and TEMPO as an initiating system [22]. 
5 
The key feature of this work was the realization that, while nitroxides are 
polymerization inhibitors at low temperatures, hence their use by Solomon to trap 
polymerization intermediates, at elevated temperatures they may act as 
polymerization mediators, not inhibitors. These two seminal reports resulted in 
developments of the modern of C/LRP (2.2). 
 
(2.2) 
In addition to the bimolecular systems described above, the unimolecular processes 
have offered some advantages over bimolecular systems. In these processes, the 
unimolecular alkoxyamine initiators are shelf-stable and the polymerization can be 
induced with simple monomer addition and heating. More importantly, the 
decomposition of these initiators yields a stoichiometric amount of nitroxide relative 
to the initiating radical. This is important, as each polymer chain initiated will be 
capped by nitroxide leading to controlled living polymerization and ultimately 
polymers with low MWD. The amount of initiator added to the polymerization can 
be accurately weighed, and consequently, the resulting polymer chain length can be 
determined by the monomer to initiator ratio. If it is needed to explain briefly from 
NMP type process, the propagating species (Pn·) reacts with a stable radical (X·) as 
seen in mechanism (2.3). The resulting dormant species (Pn-X) can then reversibly 
cleave to regenerate the free radicals once again. Once Pn· forms it can then react 
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with a monomer, M, and propagate further (2.4). Several researchers have 
investigated alternative nitroxide mediators, a quest for new and better nitroxides 
began. Originally, NMP mediated by TEMPO was limited by slow polymerization 
(25-70 h), high polymerization temperature (125-145 °C), and a limited range of 
suitable monomers, mainly styrene and derivatives [21,23]. The discovery of new 
types of nitroxides also contributed to overcoming the original limitation. These 
nitroxides have been used successfully in the controlled polymerizations of acrylates, 
acrylamides, dienes, and acrylonitriles. As a result, NMP system is achieved to 
control with dynamic equilibration between dormant alkoxyamines and active 
propagating radicals, so it has become popular  method in polymer chemistry for 
preparing living polymers under mild, chemoselective conditions with good control 
over both the polydispersity and molecular weight [14]. 
Pn-X
kact
kdeact
Pn
kp
monomer kt
Pn+m
Pm
N
O
X = TEMPO (2,2,6,6 tetramethyl-piperidinyloxy)
X
 
(2.5) 
2.1.2 Atom transfer radical polymerization (ATRP)   
The name of atom transfer radical polymerization (ATRP) comes from the atom 
transfer step. In 1995, Matyjaszewski [24] and Sawamoto [25] reported 
independently that metal-catalyzed atom transfer radical addition (ATRA) can be 
successfully applied to radical polymerization processes to control the growth of 
chains. ATRP is also related to transition metal initiated redox processes and 
inhibition with transition metal compounds [26]. These two techniques allow for 
either an activation or deactivation process. A general mechanism for ATRP is 
shown in (2.4). 
7 
Pn-X Mt
n-Y/Ligand
kact
kdeact
Pn* X-Mt
n+1-Y/Ligand
kp
monomer
termination
kt
 
(2.4) 
The propagating species Pn* , are generated during a reversible redox process 
catalyzed by a transition metal complex (activator, Mt
n
 –Y/ ligand, where Y may be 
another ligand or a counterion) which undergoes a one-electron oxidation with 
concomitant abstraction of a (pseudo)halogen atom, X, from a dormant species, Pn–
X. Radicals react reversibly with the oxidized metal complexes, X–Mt
n+1
/ligand, the 
deactivator, to reform the dormant species and the activator. This process occurs with 
a rate constant of activation, kact, and deactivation kdeact, respectively and the 
dynamic equilibrium favors the dormant species. Polymer chains grow by the 
addition of the free radicals to monomers like a conventional radical polymerization, 
with the rate constant of propagation, kp. Termination reactions (kt) also occur in 
ATRP, mainly through radical coupling and disproportionation; however, in a well-
controlled ATRP, no more than a few percent of the polymer chains undergo 
termination. So linear first-order kinetic plot, which is accompanied by a linear 
increase in polymer molecular weights with conversion confirm the “livingness” 
character of ATRP process.  
ATRP, which is the most versatile method of the controlled radical polymerization 
system, uses a wide variety of monomers, catalysts, solvents, and reaction 
temperature. ATRP was improved by designing a proper catalyst, using an 
appropriate initiator, and adapting the polymerization conditions. This provides to 
control over the topology (stars, combs, branched), the composition (block, gradient, 
alternating, statistical), and the end functionality [27-28].  
ATRP process has many advantages compared with other C/LRP processes. First of 
all,  commercially available reagents (alkyl halides, ligands and transition metals) are 
using. Moreover, the dynamic equilibrium between dormant and active species can 
be easily and appropriately adjusted for a given system by modifying the complexing 
ligand of the catalyst [29]. However, there are drawbacks, which are intolerance to 
water and acidic species, the necessity of removing the often cytotoxic catalyst. In 
ATRP process can be used a variety of monomers, allowing control during the 
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polymerization of styrenics [29], (meth)acrylates [30], acrylamides [31,32], 
vinylpyridines [33,34], and acrylonitrile [35]. Additionally, ATRP has tolerance to 
many functional groups such as amido, amino, ester, ether, hydroxy, siloxy and 
others. Having ‘free’ carboxylic acid funtional monomers are not used for ATRP, 
since they potentially complexes with the catalyst and disables ATRP, and therefore, 
presently, it has to be protected. Recent work has shown that monomers bearing ionic 
substituents such as sodium 4-vinylbenzoate, sodium 4-vinylbenzylsulfonate and 2-
trimethylammonioethyl methacrylate methanesulfonate and triflate, and 
dimethylaminoethyl methacryate can be polymerized directly [36]. 
The initiator posses an important role to determine the number of growing chains.  In 
ATRP, alkyl halides (RX) are typically used as initiators. For the successful 
polymerization, initiation should be quantitative and faster than propagation.  To 
obtain best controlled polymers over narrow PDI and molecular weight, the halide 
group, X, should transfer fast between the growing chain and the transition metal 
complex. So, X must be either bromine or chlorine. Iodine works well for acrylate 
polymerizations in copper-mediated ATRP [37]  but fluorine is not suitable because 
the carbon–fluorine bond strength is too strong for the fast activation–deactivation. 
The catalyst has the main role in ATRP since it determines the position of the atom 
transfer equilibrium and the dynamics of exchange between the dormant and active 
species. There are some requirements, using a catalyst in ATRP process [37]. 
First, the metal center must have at least two oxidation states.  Second, the metal 
center should have enough affinity toward a halogen, also the ligand should complex 
the metal relatively strongly. ATRP has been successfully worked by a variety of 
metals, including those from Groups 4 (Ti [38]), 6 (Mo [39-40]), 7 (Re [41]), 8 (Fe 
[42-43], Ru [44], Os [39]), 9 (Rh [45], Co [30]), 10 (Ni [46,47], Pd [48]), and 11 ( 
Cu [29,49]). But complexes of Cu have been found to be the most efficient catalysts 
in the ATRP. 
Ligand is the other important component for ATRP system. It helps to solubilize the 
transition metal salt in the organic media and to adapt the redox potential and 
dynamics of exchange between the dormant and active species with atom transfer 
[50]. The ligand should complex strongly with the transition metal, and also allow 
expansion of the coordination sphere and selective atom transfer without any side 
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reactions. Commonly employed nitrogen-based ligands used in conjunction with Cu 
ATRP catalysts include derivatives of bidentate bipyridine (bpy) [49-51] and  
pyridine imine [52], tridentate diethylenetriamine (DETA) [53],  and tetradentate 
tris[2-aminoethyl]amine (TREN) [54] and tetraazacyclotetradecane (CYCLAM) 
[55]. 
2.1.3  Reversible addition–fragmentation chain transfer (RAFT)  
The reversible-addition fragmentation chain transfer (RAFT) is the most recent 
process of the living/controlled radical polymerization. It was introduced in 1998 by 
the Common-wealth scientific and Industrial Research Organization (CSIRO) in 
Melbourne, Australia [56]. The RAFT technique relies on the principle of 
degenerative chain transfer between active and dormant species and varies 
fundamentally from NMP and ATRP. This key component in the RAFT process is a 
so-called RAFT agent or chain transfer agent (CTA). Thiolcarbonylthio species are 
usually used as a CTA. 
The RAFT polymerization has important advantages. Polymerization is successfully 
realized  from a wide range of monomers in varying solvents, including water, using 
only chain transfer agents and common free radical initiators (without needing any 
component such as metal catalysts) [56, 57-58]. It also show tolerance to a wide 
variety of functional groups, namely –OH, -COOH, -CONR2, -NR2, - SO3Na etc., in 
monomer and solvent [59-60]. A wide variety of architectures such as telechelic, 
block copolymers, graft copolymers, gradient copolymers, nanogels, stars, and 
dendritic structures can be synthesized by using RAFT technique [61-62]. Moreover, 
RAFT can be carried out in bulk, in solution, and in heterogeneous system 
(e.g.,suspension, emulsion) [63-64]. For successful RAFT polymerization, the 
structures of RAFT agent (Figure 2.1). The commonly accepted mechanism of the 
RAFT polymerization with the thiocarbonylthio-based RAFT agents involves a 
series of addition–fragmentation steps as depicted below (2.5). 
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Figure 2.1: General  representation of RAFT agents [59,61]. 
A fast equilibrium is necessary for all the polymeric radicals to propagate with the 
same probability and achieve low polydispersity polymers. When the polymerization 
is complete, the great part of the chains contain end-functionality. 
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(2.5) 
When the polymerization is complete, the great part of the chains contain end-
functionality. 
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2.2 Ring-Opening Polymerization (ROP) 
Aliphatic poly(ester)s receive increasing attention nowadays due to their 
biodegradable property. Poly(ester)s can be prepared from a wide range of materials 
with judicious choice of monomer feedstock able to modulate the physio-chemical 
properties including glass transition temperatures, toughness, stiffness and 
degradability Aliphatic poly(ester)s are prepared through one of two routes: the first 
is step-growth polycondensation of a hydroxy acid or between a diacid and a diol. 
The second route is ring-opening polymerization (ROP). It is a unique 
polymerization process, in which a cyclic monomer is opened to generate a linear 
polymer,  e.g., ROP of ɛ-caprolactone (CL) (2.6). ROP is a chain polymerization, 
comprise of a sequence of initiation, propagation and termination, so different from 
step polymerization. Altough ROP like as  living polymerization because of 
increasing molecular weigth  linearly with conversion [65], it differs from chain 
polymerizations due to reaction kinetics. By this methodology the preparation of 
high molecular weight aliphatic poly(ester)s is possible while maintaining high levels 
of control over their molecular characteristics under relatively mild conditions. 
n
O
O
Initiator/catalyst
n
CL PCL
O
O
 
(2.6) 
The thermodynamic factors (∆H, ∆S, ∆G) affecting the ring opening of a cyclic 
monomer will be due to the relative stability of the linear polymer in comparison to 
its corresponding monomer [65]. Four or seven membered rings have greater ring 
strain in comparison with five or six membered rings and hence there is a greater 
thermodynamic driving force for their ROP. A series of simple lactones of varying 
ring size and strain have been investigated. Generally, substituents on the rings 
decrease the ring strain and thereby the polymerizability of the rings. 
2.2.1 Coordination-Insertion Ring Opening Polymerization   
There are different types of  ROP processes, including anionic, cationic, 
organocatalytic and coordination-insertion [66]. But the latter one has gained 
increasing attention, which is  the most efficient method for the production of well-
12 
controlled polyesters in terms of molecular weight, narrow PDI and different 
compositions. 
The commercially available tin(II) bis(2-ethylhexanoate) Sn(Oct)2, zinc(II) lactate 
and aluminium(III) isopropoxide (AlOiPr3) [67, 68] metal-based initiating systems 
are widely used for the controlled ring-opening polymerization of cyclic esters and 
brought important contributions for the mechanism understanding. 
The ROP proceeds mainly via two major polymerization mechanisms depending on 
the used organometallics. Some of them acts as catalysts, and activate the monomer 
by complexation with the carbonyl group e.g.,Al(Oi-Pr)3 (2.7). of control over their 
molecular characteristics under relatively mild conditions. 
 
(2.7) 
Tin (II) 2-ethylhexanoate is the most commonly prefered catalyst for ROP. It is a 
very effective and versatile catalyst, which is easy to handle and is soluble in 
common organic solvents. The Food and Drug Administration has accepted it as a 
food additive. It is also known as stannous octoate (SnOct)2.  Sn(Oct)2 is intrinsically 
more active than Al(Oi-Pr)3, also the polymerization was found to be even faster and 
better controlled when Sn(Oct)2 was combined with a protic reagent such as an 
alcohol (2.8. The second mechanism for Sn(Oct)2-catalyzed ROP has been the 
subject of much more arguments. Though it is usually accepted that protic reagents 
react with Sn(Oct)2 to form covalent tin(II) alkoxides, and the reaction conditions suh 
as temperature, alcohol-to-tin ratio, solvent are believed to strongly influence these 
processes. 
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(2.8) 
2.3 Click Chemistry  
The term “click chemistry” concept encompasses a wide range of  highly efficient 
and specific organic reactions that can be conducted in a range of environments 
(Figure 2.2). Click reactions are characterized by being modular, wide in scope, 
giving very high yields, generating only inoffensive byproducts that are capable of 
removal by nonchromatographic methods, and contain regiospecificity. The chemical 
process must include simple reaction conditions, readily available starting materials, 
the use of without solvent or a benign solvent, simple product isolation, and a 
thermodynamic driving force of at least 20 kcal/mol [69] .The click reactions 
commonly include to form a carbon-heteroatom bond such as: nucleophilic 
substitution chemistry - especially ring opening reactions of strained heterocyclics 
such as epoxides, aziridines, aziridinium ions, and episulfonium ions; nonaldol 
carbonyl chemistry – formation of ureas, thioureas, aromatic heterocycles, oxime 
ethers, hydrazones, and amides; additions to carbon-carbon multiple bonds –
epoxidation, dihydroxylation, aziridination, sulfenyl halide addition, and Michael 
additions; cycloadditions of unsaturated species – 1,3-dipolar cycloaddition 
reactions, and Diels-Alder type reactions. These reactions have been employed for 
many years to bring about a range of chemical transformations.  But nowadays Cu(I) 
catalyzed azide–alkyne cycloaddition, Diels–Alder cycloaddition and the thiol-ene  
reaction receive particular attention as they are easy and elegant synthetic approaches 
to the coupling of chemical compounds. 
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Figure 2.2 : General representation of click reactions cell [69]. 
2.3.1 Copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC)  
The thermal reaction of organic azides with terminal or internal alkynes has been 
known for more than a century, the first 1,2,3-triazole being synthesized by A. 
Michael from phenyl azide and diethyl acetylenedicarboxylate in 1893. The reaction 
has been investigated in detail by Huisgen and coworkers during 1950s–70s in the 
course of their studies of the larger family of 1,3-dipolar cycloaddition reactions 
[70].  The Huisgen 1,3-dipolar cycloaddition reaction of alkynes and organic azides 
[71] has gained considerable the most attention of any click reaction since 2001, the 
copper-catalyzed azide-alkyne cycloaddition (CuAAC) was realized independently 
by the Meldal and the Sharpless laboratories [72,73].  The conventional Huisgen 
cycloaddition of azides and alkynes is not appropriate the criterion of a click 
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reaction, by reason of the high temperatures necessary (>110 °C) and the lack of 
regiospecificity, with a racemic mixture of 1,4- and 1,5-triazole products (2.9) [70]. 
The copper catalyzed reaction allows to proceed much faster under much milder 
conditions and produces only the 1,4-regiosomer triazole [74,75]. The great success 
of the Cu(I) catalyzed reaction is actually a virtually quantitative, very robust, 
insensitive, general, and orthogonal ligation reaction. 
 
(2.9) 
The CuAAC rate is increased by a factor of 10
7
 relative to the Huisgen 1,3-dipolar 
cycloaddition [76], so it considerably fast at and below room temperature. The 
reaction is not significantly affected by the steric and electronic properties of the 
groups attached to the azide and alkyne centers, and primary, secondary, and even 
tertiary, electron-withdrawing and electron-donating, aliphatic, aromatic, and 
heteroaromatic azides usually react well with variously substituted terminal alkynes. 
The reaction realizes in many protic and aprotic solvents, including water, and is 
unaffected by most organic and inorganic functional groups. The 1,2,3-triazole has 
the advantageous properties of high chemical stability, strong dipole moment (4.8–
5.6 Debye), aromatic character, and hydrogen bond accepting ability [77]. A 
stepwise mechanism [73,76] of CuAAC (2.10) consist of three key steps [78]:  
(1) activation of a terminal alkyne as copper acetylide  
(2) formal cycloaddition to produce cuprated triazole  
(3) protiolysis of to release triazole.  
The alkyne first coordinates to copper(I), forming a π-complex in which the 
acetylenic proton is more acidic by up to 9.8 units [76]. Coordination of the azide’s 
nearby nitrogen to copper establishes the regiochemistry of the overall reaction and 
produces cupracycle. Ring contraction of forms (1,2,3-triazol-5-yl) copper species, 
which undergoes protiolysis to form triazole. Protonation of triazole-copper 
derivative followed by dissociation of the product ends the reaction and regenerates 
the catalyst. 
. 
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(2.10) 
To date, copper is noticeable as the only metal for the dependable, easy, and 1,4-
regiospecific catalysis of the azide–alkyne cycloaddition. Indeed, other metals known 
to catalyze various transformations of alkynes have not so far provided efficient 
catalysts for producing to 1,4-triazoles. Investigatios of complexes of all of the first-
row transition elements as well as complexes of Ag(I), Pd(0/II), Pt(II), Au(I/III), and 
Hg(II), among others, have all failed to produce triazoles in synthetically useful 
yields; their effect on the rate and selectivity of the cycloaddition was at best 
marginally noticeable. Only  ruthenium cyclopentadienyl complexes were found to 
catalyze the formation of the 1,5-disubstituted triazole from azides and terminal 
alkynes, and also to engage internal alkynes in the cycloaddition. 
2.3.2 Diels-Alder Click Reaction (DA)  
The Diels-Alder (DA) reaction is a concerted [4π+2π] cycloaddition reaction of a 
conjugated diene and a dienophile, which [79-80]  has been one of the best methods 
for the preparation of six-membered carbocycles. The typical [4+2]-cycloaddition 
condenses a diene moiety onto an alkene or alkyne system (dienophile) to afford a 
cyclohexene or cyclohexadiene derivative. The Diels-Alder reaction’s name comes 
form Professor Otto Diels [81] and his student, Kurt Alder [82]. DA reaction was 
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arising from the reaction of cyclopentadiene with quinone denotes a historic event in 
the field of chemistry [79]. 
According to the Woodward-Hoffmann rules, the concerted suprafacial [π4s + π2s] 
cycloaddition of a diene and a dienophile is thermally allowed. The theory predicts 
that the rate and regioselectivity of cycloadditions are controlled by either the 
HOMO of the diene and the LUMO of the dienophile in the normal Diels-Alder and 
by the HOMO of the dienophile and the LUMO of the diene in the inverse electron-
demand Diels-Alder, [83]. In Diels-Alder reactions, the stereoselectivity is generally 
high due to the “cis principle”, which states that Diels-Alder reactions require a 
cisoid conformation for the diene and suprafacial-suprafacial mode of reaction, 
meaning that both ends of the diene attack from the same face of the dienophile in a 
syn fashion. The Diels-Alder addition of dienophiles to dienes quite often gives the 
endo adducts [84,85]. This is the “endo rule”, first proposed by Alder and Stein [86]. 
The “endo rule” is usually rationalized as a result of the principle of “maximum 
accumulation of unsaturation” (2.11). 
 
(2.11) 
The polarizability of the diene and dienophile creates dispersive forces making the 
endo transition state more stable than the exo transition state. Secondary orbital 
overlaps are possible, leading to secondary binding forces that stabilize this transition 
state [87-88]. Solvents other than water have little effect on the endo selectivity [89-
90]. Diels-Alder reaction possess characteristics of click techniques like being 
specific, atom-economical, and highly efficient. This reaction has been employed in 
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organic chemistry for many years, but its increased use in the area of 
macromolecular structures has led to the emergence of click chemistry concepts. In 
contrast to the majority of click reactions that create carbon-heteroatom bonds 
formation, traditional Diels-Alder reactions form new carbon-carbon bond between 
dienes and electron-deficient dienophiles (2.12). 
 
(2.12) 
2.4 Nitroxide Radical Coupling Click  
A new reversible coupling strategy termed atom transfernitroxide radical coupling 
(ATNRC) [92-93] has the attributes of a “click” reaction. In which the bromine end-
functional group of one polymer served as oxidant is reduced to bromine anion and 
carbon radical is formed. The Cu
1+
 is oxidized to Cu
2+
 in the presence of CuBr/ 
ligand. Then polymeric radical is immediately captured by another 2,2,6,6-
tetramethyl-piperidinyl-1-oxy (TEMPO) end-functional polymer, and alkoxyamine is 
formed between the two polymers [94] (2.13). In ATNRC reaction, CuBr 
participated in the reaction was served as reactant and its action was quite different 
from the ATRP. If some Cu(0) was added, the Cu(0) would react with the formed 
Cu
2+ 
 and the Cu
+
 was regenerated, which promoted the reaction completely. Thus, 
under the ATNRC conditions (such as the Cu(0)/CuBr/PMDETA system), the graft, 
[95] the star-shaped, [96] and the linear copolymer [97] were prepared successfully 
with high efficiency. 
 
(2.13) 
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This reaction involves formation of a carboncentered radical by an atom transfer 
reaction with Cu(I)Br and trapping of this radical with a persistent nitroxide radical 
at close to diffusion-controlled rates. The unique aspect of this reaction is its 
reversibility, in which the product alkoxyamine can readily be converted to the 
starting incipient radical and parent nitroxide at elevated temperatures (>100 
0
C 
when TEMPO-type nitroxides are used) [98-99]. This methodology has been used to 
synthesize degradable and reversibly coupled linear multiblock copolymers, block 
and graft copolymers in the presence of a 10-fold molar excess of copper species per 
halide end group [100]. The rate determining step in the coupling reaction is the 
speed (kact) at which the halide end groups on the polymer chains convert (or are 
activated) to the carbon-centered radical via atom transfer reactions with Cu(I) 
species. 
2.5 Complex Macromolecules Architecture  
The improvement of controlled/living polymerization techniques resulted in 
definitely management many aspects of complex macromolecular architecture in 
terms of topology, composition and functionality [101-102]. Anionic polymerization 
is the most precise and powerful methodology [103], but recent progress in C/LRP 
additionally has opened the possibility of using many unprotected functional 
monomers [104-105]. The various C/LRP techniques allow the synthesis of well-
defined polymeric materials with different topology, including linear, star, cylic, 
brush, branched polymers, and cross-linked networks (gels) (Figure 2.3). 
 
Figure 2.3 : Illustration of polymers with various topologies [101]. 
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2.5.1 H-shaped polymers   
H-shaped polymer is an example of complex macromolecular structures. The general 
definition of H-shaped polymers are based on two arms attached to the each end of 
the polymer backbone. Due to their architectural differences, H-shaped polymers 
show different rheological properties, micellar properties, and self-assembled 
structures when compared with linear or branched block copolymers. H-shaped 
polymers are important as model materials in understanding the rheology of 
branched polymers such as LDPE [106-107]. H-shaped copolymers form 
micelleswith lower aggregation numbers, which results in smaller micellar structures 
compared with linear block copolymers [108-109]. The self-assembly of H-shaped 
block copolymers shows a variety of morphologies depending on the preparation 
conditions [110].  The synthesis of H-shaped polymers having various chemical 
structures is thus important to thoroughly understand the aforementioned physical 
properties. 
The first H-shaped polymer was synthesized from styrene by Roovers and 
Toporowski [111] via anionic polymerization; two eqiuvalents of poly(styryllithium) 
reacted with methyltrichlorosilane, and the resulting (PS)2Si(CH3)Cl subsequently 
condensed with α,ω-difunctional poly(styryllithium). 
Generally, H-shaped copolymers have been prepared by anionic polymerization 
technique [111-112,113,114]. Hadjichristidis et al. [115,116] and Knauss et al. 
[117,118] have worked widely on this subject and presented some nice examples 
[112,119,120]. However, because of the critical experiment condition and the 
limitation in monomers that can be applied in the living anionic polymerization, only 
a few kinds of polymers have been prepared successfully. In addition, the coupling 
reaction is often time-consuming, and the troublesome purification is inevitable 
because the coupling reactions cannot go to completion and some byproducts will be 
generated. 
With the advent of C/LRP, [14,18,24,37]  the synthesis of H-shaped polymers can be 
conducted in a much simpler manner with well-defined structures. Besides these, 
some combinations of living anionic, cationic polymerization and C/LRP have been 
extensively used to prepare this type complex polymers [121,122-123]. 
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Gnanou and coworkers [22] prepared successfully H-shaped copolymer where 
poly(ethylene oxide) (PEO) as a main chain and polystyrene (PS) as a side chains 
[(PS)2-PEO-(PS)2] respectively, by integrating ATRP and anionic polymerization 
(Figure 2.4). 
Subsequently, Pan and coworkers [124,125] published the synthesis of H-shaped 
copolymer (PS)2-poly(ethylene glycol) (PEG)-(PS)2 by using ATRP route and 
[poly(L-lactide)]2-PS-[poly(L-lactide)]2 and [(PLLA)2-PS-(PLLA)2] using ATRP and 
ROP systems (Figure 2.5).  
 
Figure 2.4 : Synthesis of (PS)2-PEO-(PS)2 H-shaped polymer by Gnanou and 
coworkers [22]. 
More recently, Pan and coworkers [116] synthesized heteroarm H-shaped terpolymer 
(PS)(PLLA)-PEG-(PS)(PLLA) where PEG served as the main chain and PS and 
PLLA as the side chains by the combination of RAFT and ROP (Figure 2.6).  
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Figure 2.5 : Synthesis of (PLLA)2-PS-(PLLA)2 H-shaped polymer by Pan and 
coworkers [124,125]. 
 
Figure 2.6 : Synthesis of (PS)(PLLA)-PEG-(PLLA)(PS) H-shaped polymer by Pan 
and coworkers [116]. 
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Zhang and coworkers designed and prepared an asymmetric H-shaped copolymer 
(PS)2-PEO-(PMMA)2 via the combination of ATRP and anionic polymerization. 
Meanwhile, click chemistry [69] generated a novel way to construct polymer 
architecture, and it was extensively used for the preparation of H-shaped polymers 
[127]. Just recently, Monteiro and coworkers [128] successfully obtained H-shaped 
block copolymer using a combination of ATRP and click chemistry, which provided 
to be a more straightforward approach for the preparation of block copolymers with 
different chain architectures (Figure 2.7). 
 
Figure 2.7 : Synthesis of H-shaped polymer by Monteiro and coworkers [128]. 
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3.  EXPERIMENTAL WORK  
3.1 Materials  
Styrene (St, 99 %, Merck) and methyl metacrylate (MMA, 99%, Aldrich) were 
passed through basic alumina column to remove inhibitor and then distilled over 
CaH2 in vacuum prior to use.  ε-Caprolactone (ε-CL, 99%, Aldrich) was distilled 
from CaH2 under vacuum. Poly(ethylene glycol monomethyl ether) (PEG-OH) (Mn = 
550 g/mol, Acros) was dried over anhydrous toluene by azeotropic distillation prior 
to use. N,N,N’,N’’,N’’-pentamethyldiethylenetriamine  (PMDETA, 99%, Aldrich) 
was distilled over NaOH before use. 4-Hydroxy- tetramethylpiperidine-1-oxyl 
(TEMPO-OH) (97%, Aldrich), N,N’-dicyclohexylcarbodiimide (DCC, 99%, 
Aldrich), propargyl alcohol (99%, Aldrich), tri-n-butyltin hydride (97%, Acros), (4-
dimethylaminopyridine (DMAP, 99%, Acros), and  CuBr  (99.9%, Aldrich) were  
used  as received. CH2Cl2 (99.9%, Aldrich) was used after distillation over P2O5. 
Tetrahydrofuran (THF, 99.8%, J.T. Baker) was dried and distilled over 
benzophenone-metallic sodium. Solvents unless specified here were purified by 
conventional procedures. All other reagents were purchased from Aldrich and used 
as received without further purification. 
3.2 Instrumentation 
The 
1
H NMR spectra were recorded on a Bruker NMR Spectrometer (250 MHz) and 
Agilent NMR system VNMRS500 spectrometer (500 MHz) in CDCl3. The 
conventional gel permeation chromatography (GPC) measurements were carried out 
with an Agilent instrument (Model 1100) with a pump, refractive index (RI) and 
ultraviolet detectors, and four Waters Styragel columns (guard, HR 5E, HR 4E, HR 
3, and HR 2), (4.6 mm internal diameter,  300  mm  length,  packed  with  5 µm  
particles).  The effective molecular weight ranges are 2000-4,000,000, 50-100,000, 
500-30,000, and 500-20,000, respectively. THF and toluene were used as eluent at a 
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flow rate of 0.3 mL/min at 30 
o
C and as an internal standard, respectively. The 
apparent molecular weights (Mn,GPC and  Mw,GPC)  and  the  polydispersities (Mw/Mn) 
were determined with a calibration based on the linear PS standards using the PL 
Caliber Software from Polymer  Laboratories.  The  triple  detection  GPC  (TD-
GPC) setup with  an  Agilent  1200  model  isocratic  pump, four Waters  Styragel  
columns  (guard,  HR  5E,  HR  4,  HR  3,  and HR 2), and a Viscotek TDA 302 
triple detector including RI, dual laser light scattering (λ= 670 nm, at 90o  and 7o), 
and a differential  pressure  viscometer  was  conducted  to  measure the  absolute  
molecular  weights  (Mn,TDGPC and  Mw,TDGPC)  in THF with a flow rate of 0.5 mL/min 
at 35 
o
C. Three detectors were calibrated with a PS standard with narrow molecular 
weight distribution (Mn = 115,000 g/mol, Mw/Mn = 1.02, [η] = 0.519 dL/g at 35
 o
C in 
THF, dn/dc = 0.185 mL/g) provided by Viscotek company. The differential scanning 
calorimetry (DSC) measurements were performed on a DSC Q1000 (TA 
Instruments) and a Diamond DSC (Perkin Elmer) instruments with a heating rate of 
10 
o
C /min under nitrogen. All data were collected from a second heating cycle, and 
the glass transition (Tg) and the melting temperatures (Tm) were calculated as a 
midpoint and a peak apex of thermograms, respectively. 
3.3 Synthesis Methods  
Anthracen-9-ylmethyl2-((2-bromo-2-methylpropanoyloxy)methyl)-2-methyl-3-oxo-
3-(prop-2-ynyloxy)propyl succinate (6) was prepared following the literature method 
[132].Ethane-1,2-diyl bis(2-bromo-2-methylpropanoate) (11) was prepared according 
to published procedure. Linear precursors: diazide-terminated polystyrene (12), 
tetramethylpiperidine-1-oxyl-terminated poly(ε-caprolactone)(13), 
tetramethylpiperidine-1-oxyl-terminated polyethylene glycol (15), furan-protected 
maleimide-terminated (16), and maleimide-terminated Poly(methyl methacrylate) 
(18) were prepared as described in the published procedures [137]. 
3.3.1 Synthesis of 2,2,5-trimethyl-[1,3]dioxane-5-carboxylic acid (1)   
The 2,2-bis(hydroxymethyl)propanoic acid (8 g, 59.6 mmol) along with p-TSA (0.45 
g, 2.32 mmol), and 2,2-dimethoxypropane (11.2 mL, 89.4 mmol) dissolved in 40 mL 
of dry acetone, and stirred 2h at room temperature. In the vicinity of 2h, while 
stirring continued the reaction mixture was neutralized with 6 mL of totally NH4OH 
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(25%), and absolute ethanol (1:5), filtered off by-products and subsequent dilution 
with dichloromethane (100 mL), and once extracted with distilled water (40 mL). 
The organic phase dried with Na2SO4, concantrated to yield 7.4 g (71%) as white 
solid after evaporation of the solvent. 
1
H NMR (250 MHz, CDCl3, δ) 4.18 (d, 2H, 
CCH2O), 3.63 (d, 2H, CCH2O), 1.38 (s, 3H, CCH3) 1.36 (s, 3H, CCH3), 1.18 (s, 3H, 
C=OC(CH2O)2CH3). 
3.3.2 Synthesis of Propargyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate (2)  
Propargyl alcohol (4.9 mL, 85 mmol) was dissolved in 70 mL of CH2Cl2 and 2,2,5-
trimethyl- [1,3]dioxane-5-carboxylic acid (9.9 g, 57 mmol), and DMAP (3.4 g, 28 
mmol) was added to the reaction mixture in that order. After stirring 5 min at room 
temperature, DCC (14 g, 68 mmol) dissolved in 30 mL of CH2Cl2 was added. 
Reaction mixture was stirred overnight at room temperature and urea byproduct was 
filtered. Then, reaction mixture was extracted with water/ CH2Cl2 (1:4) two times, 
and combined organic phase was dried with Na2SO4. Solvent was evaporated and the 
remaining product was purified by column chromatography over silica gel eluting 
with hexane/ethyl acetate (9:1) to give pale yellow oil (yield = 8.1 g; 67%). 
1
H NMR 
(250 MHz, CDCl3, δ) 4.72 (d, J = 2.4 Hz, 2H, CH CCH2O), 4.18 (d, J = 11.6 Hz, 
2H, CCH2O), 3.63 (d, J = 11.6 Hz, 2H, CCH2O), 2.45 (t, J = 2.4 Hz, 1H, CH
CCH2O), 1.40 (s, 3H, CCH3) 1.36 (s, 3H, CCH3), 1.18 (s, 3H, C=OC(CH2O)2CH3). 
13
C NMR (CDCl3, δ) 173.47 (C=O), 98.11 (CCH3)2, 76.58 (CH CCH2O), 73.03 
(CH CCH2O), 65.84 (CH2O), 52.35 (CH CCH2O), 49.96 (CCH3), 25.68 (CCH3), 
23.66 (CCH3), 17.37 (C=OC(CH2O)2CH3) [130]. 
3.3.3 Synthesis of Propargyl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate 
(3) 
Propargyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate (4.0 g, 19 mmol) was dissolved 
in a mixture of 10 mL of THF and 10 mL of 1 M HCl. The reaction mixture was 
stirred for 2 h at room temperature. The precipitated product was filtered off, and 
reaction mixture was concentrated and extracted with 160 mL of CH2Cl2 and 40 mL 
of water. The combined organic phase was dried with Na2SO4 and conc. Hexane was 
added to the reaction mixture, and it was kept in deep freeze overnight to give white 
solid, Mp = 50 °C (yield = 3.1 g, 95%). 1H NMR (250 MHz, CDCl3, δ ) 4.72 (d, J = 
28 
2.4 Hz, 2H, CH CCH2O), 3.88 (d, J = 11.3 Hz, 2H, CH2OH), 3.69 (d, J = 11.3 Hz, 
2H, CH2OH), 2.93 (br, 2H, OH), 2.48 (s, 1H, CH CCH2O), 1.07 (s, 3H, CCH3). 
13
C 
NMR (CDCl3, δ) 175.08 (C=O), 76.56 (CH CCH2O), 73.28 (CH CCH2O), 67.70 
(CH2OH), 52.52 (CCH3), 50.04 (CH CCH2O), 18.05 (CCH3) [130]. 
3.3.4 Synthesis of Propargyl-3-[(2-bromo-2-methylpropanoyl)oxy-2-
(hyroxymethyl)-2-methylpropanoate (4) 
Propargyl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate (0.90 g, 5.2 mmol) was 
dissolved in 15 mL of CH2Cl2, and triethyl amine (1.60 mL, 11.5 mmol) was added 
to the mixture and cooled to 0 °C. 2-Bromo isobutrylbromide (0.65 mL, 5.2 mmol) in 
5 mL of CH2Cl2 was added dropwise within 30 min. The reaction mixture was stirred 
4 h at room temperature. After filtration, the mixture was extracted with CH2Cl2 and 
saturated aq. NaHCO3. The aqueous phase was again extracted with CH2Cl2, and 
combined organic phase was dried with Na2SO4. The solution was concentrated, and 
the crude product was purified by column chromatography over silica gel eluting 
with hexane/ethyl acetate (4:1) to give pale yellow oil (yield = 1.25 g, 75%). 
1
H 
NMR (250 MHz, CDCl3, δ) 4.72 (d, J = 2.4 Hz, 2H, CH CCH2O), 4.43 and 4.30 
(dd, J = 11.2 Hz, 2H, CH2OC=O), 3.75 (d, J = 6.3 Hz, 2H, CH2OH), 2.47 (t, J = 2.4 
Hz, 1H, CH CCH2O), 2.33 (br, 1H, OH), 1.91 (6H, CBr(CH3)2), 1.27 (s, 3H, (s, 3H, 
CCH3). 
13
C NMR (CDCl3,δ) 173.28 (C=O), 171.50 (C=O), 76.53 (CH CCH2O), 
75.29 (CH CCH2O), 66.93 (CH2OC=O), 64.93 (CH2OH), 55.42 (CBr(CH3)2), 52.54 
(CCH3), 48.54 (CH CCH2O), 30.66 (CBr(CH3)2), 17.26 (CCH3) [130]. 
3.3.5 Synthesis of succinic acid mono-anthracen-9-ylmethyl-ester (5) 
9-Anthracene methanol (4.16 g, 20 mmol) was dissolved in 150 mL of CH2Cl2. To 
the reaction mixture were added Et3N (14 ml, 100 mmol), DMAP (2.44 g, 20 mmol) 
and succinic anhydride (8 g, 80 mmol) in that order. The mixture was stirred for 
overnight at room temperature. After that time, the reaction solution was poured into 
ice-cold water (150 mL), stirred for 30 min. at room temperature before taking into 
seperating funnel. The organic phase was extracted with 1M HCl (150 mL). The 
aqueous phase extracted with CH2Cl2 and combined organic phases dried over 
Na2SO4 and concentrated to give 5 as a green solid. Yield: 5.85 g (95%). M.p. = 130-
131 
o
C (DSC). 
1
H NMR (250 MHz, CDCl3, δ) 8.50 (s, 1H, ArH of anthracene), 8.32 
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(d, J = 8.8 Hz, 2H, ArH of anthracene), 8.02 (d, J = 8.2 Hz, 2H, ArH of anthracene), 
7.60-7.45(m, 4H, ArH of anthracene), 6.18 (s, 2H, CH2-anthracene), 2.69-2.62 (m, 
4H, C=OCH2CH2C=OOH).
13
C NMR (250 MHz, CDCl3, δ) 177.72, 172.46, 131.57, 
131.35, 129.29, 129.07, 127.01, 126.05, 125.41, 124.04, 59.39, 29.01. Mass 
spectrometry (+EI) m/z (%): 308 [MH+] (65), 307 (92), 290 (30), 277 (47), 207 (58), 
191 (100), 179 (25) [131]. 
3.3.6 Synthesis of Anthracen-9-ylmethyl 2-((2-bromo-2-methylpropanoyloxy 
methyl)-2-methyl-3-oxo-3-(prop-2-ynyloxy)-propyl Succinate 
(6) 
Compounds 5
 [132]
 (1.72 g, 5.60 mmol) and 4
 [132]
 (1.50 g, 4.67 mmol) were dissolved 
in 30 mL of CH2Cl2 in a flask. DMAP (0.57 g, 4.67 mmol) was then added to the 
reaction mixture. After stirring for 5 min, DCC (1.15 g, 5.60 mmol) dissolved in 10 
mL of CH2Cl2 was added to the reaction medium and the mixture was stirred 
overnight at room temperature. After filtration the solvent was removed and the 
remaining product was purified by column chromatography over silica gel eluting 
with hexane/ethyl acetate (4:1) gradually increased to 2:1 to give 6 as a yellow 
viscous oil (Yield = 2.5 g, 88%). 
1
H NMR (250 MHz, CDCl3, δ) 8.5 (s, 1H, ArH of 
anthracene), 8.3 (d, 2H, ArH of anthracene), 8.0 (d, 2H, ArH of anthracene), 7.6–7.3 
(m, 4H, ArH of anthracene), 6.1 (s, 2H, CH2-anthracene), 4.7 (s, 2H, HC CCH2O), 
4.2 (m, 4H, CH2OC=O), 2.6 (s, 4H, C=OCH2CH2C=O), 2.4 (s, 1H, HC CCH2O), 
1.9 (6H, CBr(CH3)2), 1.2 (s, 3H, CCH3). 
3.3.7 4,10-dioxatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (7) 
Maleic anhydride (60.0 g, 0.6 mol) was suspended in 150 mL of toluene and the 
mixture warmed to 80 °C. Furan (66.8 mL, 0.9 mol) was added via syringe and the 
turbid solution was stirred for 6 h. The mixture was then cooled to ambient 
temperature white solids formed during standing were collected by filtration and 
washed with 2 × 30 mL of petroleum ether and once with diethyl ether (50 mL) 
afforded 7 as white needless. Yield: 80.2 g  (80%). Mp: 114-115 
o
C
 
(DSC). 
1
H NMR 
(250 MHz, CDCl3, δ) 6.57 (s, 2H, CH=CH, bridge protons), 5.45 (s, 2H, -CHO, 
bridge-head protons), 3.17 (s, 2H, CH-CH, bridge protons). 
13
C NMR (250 MHz, 
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CDCl3, δ) 170.18, 137.29, 82.46, 48.88. Mass spectrometry (+EI) m/z (%): 167 
[MH+] (50), 144 (35), 130 (20) [133]. 
3.3.8 4-(2-hydroxyethyl)-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (8) 
The adduct 7 (10.0 g, 60.0 mmol ) was suspended in methanol ( 150 mL ) and the 
mixture cooled to 0 °C. A solution of ethanolamine (3.6 mL, 60 mmol) in 30 mL of 
methanol was added dropwise (10 min) to the reaction mixture, and the resulting 
solution was stirred for 5 min at 0 °C, then 30 min at ambient temperature, and 
finally refluxed for 6 h. After cooling the mixture to ambient temperature, solvent 
was removed under reduced pressure, and residue was dissolved in 150 mL of 
CH2Cl2 and washed with 3 × 100 mL of water. The organic layer was separated, 
dried over Na2SO4 and filtered. Removal of the solvent under reduced pressure gave 
white-off solid which was further purified by flash chromatography eluting with 
ethylacetate (EtOAc) to give the product 8  as a white solid. Yield: 4.9 g (40%). Mp 
= 138-139 C (DSC). 1H NMR (250 MHz, CDCl3, δ) 6.51 (s, 2H, CH=CH, bridge 
protons), 5.26 (s, 2H, -CHO, bridge-head protons), 3.74-3.68 (m, 4H, NCH2CH2OH), 
2.88 (s, 2H, CH-CH, bridge protons). 
13
C NMR (250 MHz, CDCl3, δ) 177.03, 
136.60, 81.09, 60.53, 47.74, 42.03. Mass spectrometry (+EI) m/z (%): 210 [MH+] 
(50), 145 (22), 142 (100), 124 (17) [133]. 
3.3.9 Synthesis of 4-(2-{[(3-acetyl-7-oxabicyclo[2.2.1]hept-yl)carbonyl]amino} 
ethoxy)-4-oxobutanoic acid (9) 
8 (5 g, 23.9 mmol) was dissolved in 150 mL of 1,4-dioxane. To the reaction mixture 
were added Et3N (16.58 mL, 119.6 mmol), DMAP (4.38 g, 35.8 mmol), and succinic 
anhydride (9.56 g, 95.6 mmol) in that order. The reaction mixture was stirred for 
overnight at 50 
o
C, then poured into ice-cold water and extracted with CH2Cl2. The 
organic phase was washed with 1 M HCl, dried over Na2SO4 and concentrated. The 
crude product was crystallized from ethanol to give 9 as white crystal. Yield: 5.9 g 
(80%). M.p. = 122-123 
o
C (DSC). 
1
H NMR (250 MHz, CDCl3, δ) 6.50 (s, 2H, 
CH=CH, bridge protons), 5.25 (s, 2H, -CHO, bridge-head protons), 4.25 (t, J = 5.2 
Hz, 2H, NCH2CH2OC=O), 3.74 (t, J =5.2 Hz, 2H, NCH2CH2OC=O), 2.87 (s, 2H, 
CH-CH, bridge protons), 2.66-2.53 (m, 4H, C=OCH2CH2C=OOH). 
13
C NMR (250 
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MHz, CDCl3, δ) 177.26, 176.35, 172.01, 136.83, 81.09, 61.22, 47.74, 37.92, 29.24. 
Mass spectrometry (+EI) m/z (%): 310 [MH+] (100), 242 (100), 142 (18), 124 (13). 
3.3.10 Synthesis of 2-bromo-propionicacid 2-(3,5-dioxo-10-oxa-4azatricyclo 
[5.2.1.02,6]dec-8-en-4-yl)-ethyl ester (10) 
In a 250 mL of round bottom flask were added 9 (2.0 g, 9.55 mmol) and Et3N (1.44 
mL, 10.54 mmol) in 100 mL of THF. The mixture was cooled to 0 °C, and a solution 
of 2-bromo isobutyryl bromide (2.34 g, 10.0 mmol) in 25 mL of THF was added 
dropwise (30 min) to the reaction mixture. The white suspension was stirred for 3 h 
at 0 °C and subsequently at ambient temperature for overnight. The ammonium salt 
was filtered off and the solvent was removed under reduced pressure to give a pale-
yellow residue that was further purified by column chromatography over silica gel 
eluting with EtOAc /hexane (1:4) to give 10 as a white solid. Yield: 1.86 g (55%). 
Mp = 81-82 C (DSC). 1H NMR (250 MHz, CDCl3, δ) 6.49 (s, 2H, CH=CH, bridge 
protons), 5.24 (s, 2H, -CHO, bridge-head protons), 4.31 (t, J = 5.2 Hz, 2H, 
NCH2CH2OC=O), 3.79 (t, J =5.2 Hz, 2H, NCH2CH2OC=O), 2.85 (s, 2H, CH-CH, 
bridge protons), 1.87 (s, 6H, C(CH3)2-Br). 
13
C NMR (250 MHz, CDCl3, δ) 176.12, 
171.55, 136.83, 81.09, 62.36, 55.96, 47.74, 37.69, 30.83. Mass spectrometry (+EI) 
m/z (%): 360 [MH+] (100) [134]. 
3.3.11 Synthesis of 1,2-bis (bromoisobutyrl-oxy)-ethane) (11)  
1,2-Bis(bromoisobutryloxy)ethane was synthesized by dropwise addition of 2-
bromoisobutyryl bromide (3.32 mL, 26.8 mmol ) to ethylene gylcol (0.5 mL, 8.94 
mmol) and triethylamine (3,73 mL, 26.8 mmol) solution in CH2Cl2 (50 mL) at 0 °C 
under an nitrogen atmosphere. After addition, the reaction mixture was stirred 
overnight at room temperature. The reaction mixture was firstly extracted with cold 
200 mL water/20 mL HCl solution and then extracted with CH2Cl2 at two or three 
times. Organic phase was dried with Na2SO4. The solution was concentrated and the 
crude product was purified by column chromatography over silica gel eluting with 
Hexane/Ethyl acetate (4/1) to give the product as white solid (yield: 2.94 g, 93 %). 
1
H NMR (500 MHz, CDCl3, δ) 4.43 (s, 4H, O=COCH2CH2OC=O) 1.94 (s, 6H, 
OC=OCC(CH3)2 [135]. 
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3.3.12 Synthesis of diazide-terminated Poly(styrene), N3-PS-N3 (12)  
PS was achieved by ATRP of Styrene. St. (10 mL, 86.6 mmol), difunctional initiator 
(11),(0.157 g, 0.44 mmol), PMDETA (0.182 mL, 0.87 mmol), CuBr ( 0.125 g, 0.87 
mmol) were added in a 25 mL of Schlenk tube and the reaction mixture was 
degassed by three freeze-pump-thaw (FPT) cycles and left in vacuum. The tube was 
subsequently placed in a thermostated oil bath at 110 °C for 30 min. The polymer 
mixture was diluted with THF, passed through a neutral alumina column to remove 
the catalyst, and precipitated in 100 mL methanol. The polymer was dried for 24 h in 
a vacuum oven at 40 °C. [M]0/[I]0 = 200, [I]0:[CuBr]0:[PMDETA]0 = 1:2:2; (conv. = 
18%;  Mn,theo = 4100; Mn,NMR = 5300; Mn,GPC = 5300; Mw/Mn = 1.09, relative to PS 
standards).
 1
H NMR (500 MHz, CDCl3, δ), 4.45 (br, 2H, CH(Ph)-Br end group of 
PS), 3.75 (br, 4H, OCH2CH2O), 2.2-0.8 (m, aliphatic protons of PS).  
Next, previously obtained PS (1.63 g, 0.31 mmol, Mn,GPC = 5300 g/mol) dissolved in 
DMF (15 mL) and NaN3 (1.22 g, 18.76 mmol) was added to 50 mL the flask. After 
stirring overnight at room temperature, the mixture was precipitated into an excess 
amount of methanol. The recovered polymer N3-PS-N3 was dried in a vacuum oven 
at 40 °C for 24 h (Yield = 1,6 g,  Mn,GPC =  5300 ; Mw/Mn = 1.08 , relative to PS 
standards). 
1
H NMR (500 MHz, CDCl3, δ), 3.9 (br, 2H, CH(Ph)-N3 end group of PS, 
3.4 (br, 4H, OCH2CH2O), 2.2-0.8 (m, aliphatic protons of PS). 
3.3.13 Synthesis of tetramethylpiperidine-1-oxyl-terminated poly(ε-
caprolactone) (TEMPO-PCL) (13)  
PCL-TEMPO was prepared by ROP of -CL (5.0 mL, 0.047 mol) in bulk using 
tin(II)-2-ethylhexanoate as a catalyst and 4-hyroxy-TEMPO (0.27 g, 1.6 mmol) as an 
initiator at 110 °C for 3 h, The degassed monomer, catalyst, and initiator were added 
to a previously flamed Schlenk tube equipped with a magnetic stirring bar in the 
order mentioned. The tube was degassed with three FPT cycles, left in argon, and 
placed in a thermostated oil bath. After the specified time, the mixture was diluted 
with THF, and precipitated into an excess amount of cold methanol. The polymer 
was isolated by filtration and finally dried at 40 °C in a vacuum oven for 24 h 
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([M]0/[I]0 = 30; conv. % = 70; Mn,theo = 1790 ; Mn,GPC = 3780 ; Mw/Mn = 1.14, relative 
to PS standards) Mn,PCL = 0.259 X Mn,GPC
1.073
 = 1790) [129]. 
3.3.14 Synthesis of COOH-Terminated PEG (PEG-COOH) (14)   
PEG, succinic anhydride (SA), 4-dimethylaminopyridine (DMAP), and triethylamine 
(TEA) were dissolved in 1,4-dioxane and reacted for 24 h at room temperature under 
a nitrogen atmosphere. The molar feed ratio of PEG, SA, DMAP, and TEA was 
1:1.5:1.5:1.5, and the solution concentration was 3% (wt/wt). 1,4-Dioxane was 
removed under vacuum, and the resulting product was dissolved in CCl4. Unreacted 
SA was removed by filtering, the filtered solution was precipitated in cold ethyl ether 
solvent, and the precipitated PEG-COOH was dried under vacuum for more than 12 
h. 
1
H NMR analysis indicated that the SA ring was opened by the hydroxyl group. 
Thus, the carboxyl group was introduced at the end of PEG. (Mn,theo = 650 g/mol; 
Mn,NMR = 615 g/mol; Mn,GPC = 450 g/mol; Mw/Mn = 1.1, relative to PS standards).
 1
H 
NMR (CDCl3, δ, 250 MHz) 4.2 (d, 4H, C=OOCH2), 3.65-3.5 (m, -OCH2CH2O-, 
PEG backbone), 3.35 (s, 3H, OCH3), 2.6 (bs, 4H, C=OCH2CH2C=O). [136]. 
3.3.15 Synthesis of TEMPO terminated-PEG (PEG11-TEMPO) (15)  
PEG-COOH (1.00 g, 1.53 mmol, Mn,theo = 650 g/mol) was dissolved in 20 mL of dry 
CH2Cl2. 4-Hydroxy-TEMPO (0.79 g, 4.6 mmol) and DMAP (0.186 g, 1.53 mmol) 
were added to the reaction mixture in that order. After stirring for 5 minutes at room 
temperature, DCC (0.95 g, 4.61 mmol) in 10 mL of CH2Cl2 was added to solution. 
The reaction was continued via stirring for 24 h at room temperature and 
subsequently concentrated under a reduced pressure. The crude product was purified 
by column chromatography over silica gel eluting first with CH2Cl2/ethyl acetate 
(1/1), and  then CH2Cl2/CH3OH (10/1) to yield red oil (Yield = 1.05 g, 85%; Mn,theo = 
800 g/mol; Mn,GPC = 650 g/mol; Mw/Mn = 1.06, relative to PS standards). 
3.3.16 Preparation of furan-protected maleimide-terminated poly(ethylene 
glycol) (PEG-MI) (16) 
Poly(ethylene glycol)methyl ether (Me-PEG) (Mn  = 550, 2.67 g, 4.85 mmol) was 
dissolved in 50 mL of CH2Cl2. To the reaction mixture were added DMAP (0.59 g, 
4.83 mmol) and  5 (3 g, 9.71 mmol) in that order. After stirring 5 min at room 
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temperature, a solution of DCC (2 g, 9.69 mmol) in 10 mL of CH2Cl2 was added. 
Reaction mixture was stirred for overnight at room temperature. After filtration of 
the salt, the solution was concentrated and the viscous brown color product was 
purified by column chromatography over silica gel eluting with CH2Cl2/EtOAc 
mixture (1:1, v/v) and then with CH2Cl2/methanol (90:10, v/v) to obtain MI-PEG as 
viscous brown oil, 2.7 g (Yield :88%). Mn,theo = 840,  Mn,NMR = 850,
 
Mn,GPC = 1300,  
Mw/Mn = 1.01, relative  to  PS standards). 
1
H NMR (500 MHz, CDCl3, δ) 6.50 (s, 2H, 
CH=CH as bridge protons), 5.25 (s, 2H, -CHO, bridge-head protons), 4.23 (m, 4H, 
CH2OC=O), 3.75-3.51 (m, OCH2CH2 repeating unit of PEG, C=ONCH2, and CH2-
PEG repeating unit), 3.36 (s, 3H, PEG-OCH3), 2.87 (s, 2H, CH-CH, bridge protons) 
2.61-2.56 (m, 4H, C=OCH2CH2C=O) [136]. 
3.3.17 Preparation of α-alkyne-α-bromide-terminated PEG (PEG-alkyne/Br) via 
Diels-Alder click reaction of PEG-MI with CORE (17) 
Compound 6 (0.72 g, 1.178 mmol) was dissolved in 10 mL of toluene and PEG-MI 
(0.5 g, 0.588 mmol, Mn,NMR = 850 g/mol) in 10 mL of toluene was added to this 
solution. The mixture was bubbled with nitrogen for 60 min and refluxed for 24 h at 
110 
o
C in the dark. After this time, the solution was evaporated to dryness and the 
viscous dark brown color product was purified by column chromatography over 
silica gel eluting with a CH2Cl2/ethyl acetate mixture (1:1, vol/vol) and then with 
CH2Cl2/MeOH (0.9:0.1) to obtain a dark pink product. The obtained product was 
dried in a vacuum oven at 40 
o
C for 24 h (Mn,theo = 775 g/mol (Mn,theo of furan-
deprotected PEG-MI) + 611 g/mol (MW of 1) = 1385 g/mol, Mn,GPC = 1100 g/mol, 
Mw/Mn = 1.06, relative  to  PS standards). 
 1
H NMR (500 MHz, CDCl3, δ),  7.4-7.1 ( m, 8H ArH), 5.5 (bs, 2H, CH2-Diels-Alder 
adduct), 4.7 (m, 3H, CH, bridge head proton and CHCCH2O), 4.3-4.2 (m,  6H, 
CH2OC=O and C=OOCH2), 3.8–3.0 (m, OCH2CH2, PEG repeating unit, 
C=OOCH2CH2N, C=OOCH2CH2N, OCH3 end-group of PEG and CH-CH bridge 
protons), 2.7-2.5 (m, 9H, C=OCH2CH2C=O, C=OCH2CH2C=O and HCCCH2O), 
1.9 (6H, CBr(CH3)2), 1.3 (s, 3H, CCH3). 
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3.3.18 Synthesis of Furan Protected Maleimide End-Functionalized PMMA         
(PMMA-MI) (18) 
PMMA-MI was prepared by ATRP of MMA. In a 25 mL of Schlenk tube, MMA (15 
mL, 139.5 mmol), PMDETA (0.279 g, 2.8 mmol), CuCl (0.279 g, 2.8 mmol), toluene 
(15 mL) and 10 (1.008 g, 2.8 mmol) were added, and the reaction mixture was 
degassed by three freeze-pump-thaw (FPT) cycles, and left in argon. The tube was 
then placed in a thermostated oil bath at 40 
0
C for 7 h. The polymerization mixture 
was diluted with THF, passed through a basic alumina column to remove the 
catalyst, and precipitated in hexane. The polymer was dried for 24h in a vacuum 
oven at 25 
0
C. [M]0/[I]0 = 50; [I]0:[CuCl]0 :[PMDETA]0 = 1:1:1; conversion = %8.33 
Mn,theo=774, Mn,GPC=2600, Mw/Mn=1.37, Mn,NMR = 2200, RI detection, relative to 
linear PMMA.
  
1
H-NMR (500 MHz, CDCl3, δ ) 6.5 (s,2H, vinyl protons), 5.3 (s, 2H, CHCH=CHCH, 
bridge-head protons), 4.1 (m, 2H, NCH2CH2 OC=O), 4.0–3.2 (m, OCH3 of PMMA 
and NCH2CH2OC=O), 2.9 (s, 2H, CH2NC= OCH-CH, bridge protons), 2.5–0.5 (m, 
CH2 and CH3 protons of PMMA) [137]. 
3.3.19 Preparation of α-alkyne-α-bromide-terminated PMMA (PMMA-
alkyne/Br) via Diels-Alder click reaction of PMMA-MI with 
CORE  (19) 
Compound 6 (0,14 g , 0,23 mmol) was dissolved in 10 mL of toluene and PMMA-
MI (0.25 g, 0,12 mmol, Mn,NMR =2200 ) in 10 mL of toluene was added to this 
solution. The mixture was bubbled with nitrogen for 60 min and refluxed for 24 h at 
110 
o
C in the dark. After this time, the solution was evaporated to dryness and the 
residual solid was dissolved in THF and precipitated in 60 mL hexane. The 
dissolution-precipitation was repeated three times. The recovered polymer was dried 
in a vacuum oven at 40 °C for 24 h (Mn,theo = 775 (Mn,t of furan-deprotected PMMA-
MI) + 611 (MW of 6 ) = 1385 g/mol, Mn,GPC = 3700 g/mol, Mw/Mn = 1.19, relative  to  
PS standards). 
 1
H NMR (500 MHz, CDCl3, δ),  7.4-7.1 ( m, 8H ArH), 5.5 (bs, 2H, CH2-Diels-Alder 
adduct), 4.7 (m, 3H, CH, bridge head proton and CHCCH2O), 4.3-4.2 (m,  4H, 
CH2OC=O), 3.8–3.0 (C=OOCH2CH2N, C=OOCH2CH2N, C=OOCH3 of PMMA and 
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CH-CH bridge protons),  2.7-2.5 (m, 5H, C=OCH2CH2C=O and HCCCH2O), 1.9 
(6H, CBr(CH3)2), 1.3 (s, 3H, CCH3). 
3.3.20 One-pot synthesis of H-shaped (PEG)(PCL)-PS-(PEG)(PCL) through 
NRC and CuAAC click reactions of N3-PS-N3 and PCL-
TEMPO with PEG-alkyne/Br  (20) 
PEG-alkyne/Br (0.16 g, 0.11 mmol, Mn,theo = 1450, 3 eq),   N3-PS-N3   (0.2  g,   
0.037   mmol, Mn,GPC = 5300 g/mol, 1  equiv) and PCL-TEMPO (0.3 g, 0.162 mmol, 
Mn,PCL = 1790 g/mol, 4,3 equiv) were dissolved in a 8 mL of nitrogen-purged DMF  
in a 10 mL of Schlenk tube. CuBr (0.011 g, 0.076 mmol), Cu(0) (0.024 g, 0.38 
mmol),  and  PMDETA  (0.016  mL,  0.076  mmol)  were added to the reaction 
mixture, and the reaction mixture was degassed by three freeze-pump-thaw (FPT) 
cycles, left in argon and stirred at room temperature for 2 days. After this specified 
time,  the  polymer  solution  was  passed  through a neutral alumina  column  to  
remove  copper  salt  and  precipitated  in 100 mL methanol. The dissolution-
precipitation was repeated two times.  Finally,  the  polymer  was  dried  in  a 
vacuum  oven  at  40  
o
C (Mn,theo = 11760 g/mol (a sum of theoretical MWs of 
individual arms), Mn,NMR= 11186 g/mol, Mn,GPC = 10600 g/mol, Mw/Mn = 1.14, 
relative to PS standards).  
1
H NMR (500 MHz, CDCl3, δ) 7.4 (s, 1H, CH of triazole), 7.3-6.2 (ArH of PS), 5.5 
(br, 2H, CH2-Diels-Alder adduct), 5.0 (br, 4H, CHPh-triazole, triazole- CH2OC=O 
and CH of TEMPO), 4.7 (s, 1H, CH, bridge head proton), 4.5 (s, 4H, 
C=OOCH2CH2OC=O), 4.3-4.2 (m,  6H, CH2OC=O and C=OOCH2), 4.0 (bs, CH2O 
of PCL), 3.6-3.4 (bs, OCH2CH2 of PEG C=OOCH2CH2N and C=OOCH2CH2N), 
3.4–3.1 (m, 10H, OCH3 end group of PEG and CH-CH bridge protons), 2.6-2.2 (br, 
8H, OC=OCH2CH2C=OO), 2.2 (bs, C=OCH2 of PCL), 2.0–0.5 (m, aliphatic protons 
of PS and PCL). 
3.3.21 One-pot synthesis of H-shaped (PEG)(PMMA)-PS-(PEG)(PMMA)  
through NRC and CuAAC click reactions of N3-PS-N3 and 
PEG-TEMPO with PMMA-alkyne/Br (21) 
PMMA-alkyne/Br (0.1 g, 0.027 mmol, Mn,theo = 3700 g/mol,   3  equiv), N3-PS-N3   
(0.05   g,   0.0094  mmol, Mn,theo = 5300 g/mol, 1.0  equiv) and PEG-TEMPO (0.045 
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g, 0.056 mmol, Mn,PEG = 800 g/mol, 6 equiv) were dissolved in a 7 mL of nitrogen-
purged DMF  in a 10 mL of  Schlenk tube. CuBr (0.0027 g, 0.018 mmol), Cu(0) 
(0.0059 g, 0.9 mmol),  and  PMDETA  (0.0039  mL,  0.018  mmol)  were added, and 
the reaction mixture was degassed by three FPT cycles, left in argon and stirred at 
room temperature for 2 days. After this specified time,  the  polymer  solution  was  
passed  through alumina  column  to  remove  copper  salt  and  precipitated  in 50 
mL methanol . The dissolution-precipitation was repeated two times.  Finally,  the  
polymer  was  dried  in  a vacuum oven  at  40  
o
C (Mn,theo = 14300 g/mol (a sum of 
theoretical MWs of individual arms), Mn,NMR= 12180 g/mol, Mn,GPC = 10820 g/mol, 
Mw/Mn = 1.06, relative to PS standards).
  
1
H NMR (500 MHz, CDCl3, δ) 7.4 (s, 1H, CH of triazole), 7.3-6.2 (ArH of PS), 5.5 
(br, 2H, CH2-Diels-Alder adduct), 5.0 (br, 4H, CHPh-triazole, triazole- CH2OC=O 
and CH of TEMPO), 4.7 (s, 1H, CH, bridge head proton), 4.5 (s, 4H, 
C=OOCH2CH2OC=O), 4.3-4.2 (m,  6H, CH2OC=O and C=OOCH2), 3.6-3.4 (bs, 
OCH2CH2 of PEG C=OOCH2CH2N and C=OOCH2CH2N, C=OOCH3 of PMMA), 
3.4–3.1 (m, 10H, OCH3 end group of PEG and CH-CH bridge protons), 2.6-2.2 (br, 
8H, OC=OCH2CH2C=OO), 2.0–0.5 (m, aliphatic protons of PS and PMMA). 
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4.  RESULTS AND DISCUSSION  
In this thesis, H-shaped polymers were synthesized via triple click strategy. A 
multifunctional core including alkyne, bromo and anthracene functions were used as 
a linking agent to form the corners of the H-shaped polymers. Three different 
homopolymers were attached to these corners to form H-Shaped polymers via Diels-
Alder, NRC and CuAAC reactions. 
4.1 Synthesis of The Multifunctional Linking Agent (Core) (6) 
The multifunctional linking agent (6) was synthesized according to published 
procedure [131] that shown as (4.1). 
 
(4.1) 
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The 
1
H NMR spectrum of the core shows the characterictic peaks that belongs to the 
three functions. As shown in (Figure 4.1) , the precence of the characteristic signals 
of anthracene protons resonating at 8.5-7.4 confirmed the antracene functionality. In 
addition, the acidic hydrogen of the terminal alkyne group is seen at 2.4 ppm.  
 
Figure 4.1 : 1H NMR spectrum of the multifunctional linking agent. 
 
4.2 Synthesis of The Bifunctional Initiator 
Bifunctional initiator (Ethane-1,2-diyl bis(2-bromo-2-methylpropanoate) was 
prepared according to published procedure by the esterification reaction of ethylene 
glycol (4.2) It was synthesized by dropwise addition of 2-bromoisobutyryl bromide 
to ethylene gylcol in the precense of triethylamine at 0 °C under an nitrogen 
atmosphere that it was stirred overnight at room temperature. The reaction mixture 
was firstly extracted with cold 200 mL water/20 mL HCl solution to remove the 
insoluable salt of Et3N and then extracted with CH2Cl2 at two or three times. Organic 
phase was dried with Na2SO4. The solution was concentrated and the crude product 
was purified by column chromatography and finally we obtained the white solid 
product (1). 
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(4.2) 
From overlay 
1
H NMR spectra (Figure 4.2), it was clearly seen that the methyl 
protons next to Br were detected at 1.92 ppm and the methylene protons next to the 
ester unit at 4.42 ppm.  
 
Figure 4.2 : 1H NMR spectrum of 1,2-bis (bromoisobutyrl-oxy)-ethane in CDCl3.  
4.3 Synthesis of diazide-terminated Poly(styrene), N3-PS-N3 
Azide-end functionalized polystyrene was produced in two steps. Firstly, Br-PS-Br 
was obtained by ATRP of Styrene using 1 difunctional initiator. For the second step, 
the dried product was dissolved in DMF and NaN3 was added to the mixture, then it 
was stirred overnight at room temperature. Finally we obtained N3-PS-N3 (4.3). 
 
(4.3) 
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The GPC and 
1
H NMR spectroscopy (Figure 4.3) confirmed that functionalized 
polystyrene was properly   prepared with controlled molecular weight (Mn,GPC =  
5300 ) , low molecular weight distribution (Mw/Mn = 1.09 ) and desired end-group 
functionalities (3.9 ppm (br, 2H, CH(Ph)-N3 end group of PS ).  
 
Figure 4.3 : 1H NMR  spectrum of N3-PS-N3 in CDCl3. 
4.4 Preparation of α-alkyne-α-bromide-terminated PMMA (PMMA-alkyne/Br) 
via Diels-Alder click reaction of PMMA-MI  
α-alkyne-α-bromide-terminated PMMA (PMMA-alkyne/Br) was achieved by Diels-
Alder click reaction of PMMA-MI in two steps. Firstly, furan protected maleimide 
end-functionalized PMMA (PMMA-MI) was prepared by ATRP of MMA (4.4). 
 
(4.4) 
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The typical signals assignable to vinyl, bridge-head, and bridge protons of furan 
protected maleimide end-functional group of PMMA are detected at 6.5, 5.3, and 2.9, 
respectively, along with characteristic protons of PMMA (Figure 4.4).  
 
Figure 4.4 : 1H NMR spectrum of PMMA-MI. 
Then compound 6 and furan protected maleimide end-functionalized PMMA 
(PMMA-MI) were reacted together according to the conditions at (4.5). Finally we 
obtained the α-alkyne-α-bromide-terminated PMMA (19) with controlled molecular 
weight and low polydispersity (Mn,GPC = 3700, Mw/Mn = 1.19). 
 
(4.5) 
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The chemical structure of PMMA-alkyne/Br was verified by 
1
H NMR spectroscopy. 
As shown in Figure 4.5 , the characteristic signals of anthracene protons resonating at 
8.5-7.4 shifted to 7.4-7.1 ppm due to the disappearance of aromaticity in the central 
phenyl ring of anthracene, while confirming the Diels-Alder reaction of PMMA-MI 
with 6  . In addition, the presence of signals for the C=OOCH3 protons of PMMA at 
3.6 ppm confirmed the target structure.  
 
Figure 4.5 : 1H NMR spectrum of PMMA-alkyne/Br.  
4.5 Preparation of α-alkyne-α-bromide-terminated PEG (PEG-alkyne/Br) via 
Diels-Alder click reaction of PEG-MI 
α-alkyne-α-bromide-terminated PEG was achieved by Diels Alder  click reaction of 
PEG-MI in two steps. Firstly, PEG-MI was obtained via condensation reaction of 
available Me-PEG with 9. Me-PEG ( Mn =550) and adduct acide were reacted in the 
precence of DCC and DMAP in CH2Cl2 overnight at room temperature to give furan 
protected maleimide end –functionalized PEG (PEG-MI) (4.6). 
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(4.6) 
The structure of desired PEG-MI could be fully identified by 
1
H NMR (Figure 4.6) 
and GPC evaluation (Mn,GPC = 1300,  Mw/Mn = 1.01). The characteristic protons of 
PEG-MI, such as vinyl (CH= CH), bridge-head (CHCH =CHCH), repeating unit of 
PEG (OCH2CH2), and bridge CH2N(C = O)CHCH) were assigned at 6.5, 5.2, 3.5–
3.9 and 2.8 ppm, respectively [136].  
 
Figure 4.6 : 1H NMR spectrum of PEG-MI. 
Then compound 6 and furan protected maleimide end- functionalized PEG (PEG-
MI) were reacted together according to the conditions at (4.7). 
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(4.7) 
The chemical structure of PEG-alkyne/Br was verified by 
1
H NMR spectroscopy. As 
shown in Figure 4.7, the characteristic signals of anthracene protons resonating at 
8.5-7.4 shifted to 7.4-7.1 ppm due to the disappearance of aromaticity in the central 
phenyl ring of anthracene, while confirming the Diels-Alder reaction of PEG-MI 
with 1. In addition, the presence of signals for the OCH2CH2 protons of PEG at 3.8-
3.4 ppm confirmed the target structure of desired PEG-MI could be fully identified 
by 
1
H NMR (Figure 4.6) and GPC evaluation (Mn,GPC = 1300,  Mw/Mn = 1.01).  
 
Figure 4.7 : 1H NMR spectrum of of PEG-alkyne/Br. 
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4.6 One-pot synthesis of H-shaped polymers 
The CuAAC and NRC click reactions of PEG-alkyne/Br with N3-PS-N3 and PCL-
TEMPO respectively in a one pot fashion were conducted in DMF using Cu(0)/Cu(I) 
catalyst at room temperature for 12 h to afford an H-shaped polymer, (PEG)(PCL)-
PS-(PEG)(PCL). And also, the CuAAC and NRC click reactions of PMMA-
alkyne/Br with N3-PS-N3 and PEG-TEMPO respectively in a one pot fashion were 
conducted in same conditions to afford an H-shaped polymer, (PEG)(PMMA)-PS-
(PEG)(PMMA). The general reaction is shown in Figure 4.8.  
 
Figure 4.8 : General scheme for the synthesis of H-shaped polymers.  
4.7 One-pot synthesis of H-shaped polymer (PEG)(PCL)-PS-(PEG)(PCL)   
As measured by 
1
H NMR and GPC measurements, successful one-pot double click 
reactions had occurred. The 
1
H NMR spectroscopy of the (PEG)(PCL)-PS-
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(PEG)(PCL) polymer indicated the appearance of the triazole CH proton at 7.6 ppm, 
along with the aromatic protons of PS at 7.3-6.2 ppm, the CH2O and C=OCH2 
protons of PCL at 4.0 and 2.2 ppm respectively, and the CH2CH2O protons of PEG at 
3.6 ppm (Figure 4.9).  
 
Figure 4.9 : 1H NMR spectrum of (PEG)(PCL)-PS-(PEG)(PCL). 
The NMR integral ratios of the PEG protons and the CH2O protons of PCL versus 
aromatic protons of PS protons gave the DPns of the PEG and PCL segments to be 
11 and 14 for each arm, which were in good agreement with those of the PEG and 
PCL precursors, 13 and 16, respectively assuming that the DPn value of the PS 
segment in the H-shaped polymer was 51. Therefore, Mn,NMR  was calculated to be  
(840 g/mol X 2) +  (14 X 114 g/mol X 2) + (51 X 104 g/mol) = 11190 g/mol, which 
was in close agreement with the theoretical molecular weight of 11760 g/mol (sum of 
the theoretical values of the precursors).  
4.8 One pot synthesis of H-shaped (PEG)(PMMA)-PS-(PEG)(PMMA) 
As measured by 
1
H NMR and GPC measurements, successful one-pot double click 
reactions had occurred. The 
1
H NMR spectroscopy of the (PEG)(PMMA)-PS-
(PEG)(PMMA) polymer (Figure 4.10)  indicated the appearance of the triazole CH 
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proton at 7.6 ppm, along with the aromatic protons of PS at 7.3-6.2 ppm, the 
C=OOCH3 of PMMA at 3.6 ppm, and the CH2CH2O protons of PEG at 3.6 ppm.  
 
Figure 4.10 : 1H NMR spectrum of (PEG)(PMMA)-PS-(PEG)(PMMA). 
The NMR integral ratios of the PEG protons and the C=OOCH3 protons of PMMA 
versus aromatic protons of PS protons gave the DPns of the PEG and PMMA 
segments to be 13 and 20 for each arm, which were in good agreement with those of 
the PEG and PMMA precursors, 13 and 23, respectively assuming that the DPn value 
of the PS segment in the H-shaped polymer was 51. Therefore, Mn,NMR  was 
calculated to be  (2800 g/mol X 2) +  (800 g/mol X 2) + (51 X 104 g/mol) = 11900 
g/mol, which was in close agreement with the theoretical molecular weight of 12500 
g/mol (sum of the theoretical values of the precursors).  
4.9 The GPC Evaluations of H-Shaped Polymers   
The GPC analysis of the (PEG)(PCL)-PS-(PEG)(PCL) H-shaped polymer 
demonstrated a clear shift to a higher molecular weight region with respect to its 
related polymer precursors, while maintaining a monomodal molecular weight 
distribution (Figure 4.11).  
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Figure 4.11 : The evaluation of GPC traces. 
The GPC analysis of the (PEG)(PMMA)-PS-(PEG)(PMMA) H-shaped polymer 
demonstrated a clear shift to a higher molecular weight region with respect to its 
related polymer precursors, while maintaining a monomodal molecular weight 
distribution (Figure 4.12).  
 
Figure 4.12 : The evaluation of GPC traces. 
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The dn/dc values of the H-shaped polymers were calculated by 
1
H NMR 
spectroscopy depending on an assumption that dn/dc value is correlated linearly with 
composition of block copolymer.
18
 These calculated dn/dc values are subsequently 
introduced to the TD-GPC instrument, affording the Mw,TDGPC, Mn,TD,GPC, [η] and Rh 
of the analyzed miktoarm star polymers (Table 4.1). The Mn,TDGPC of the 
(PEG)(PCL)-PS-(PEG)(PCL) and  (PEG)(PMMA)-PS-(PEG)(PMMA) H-shaped 
polymers were in agreement with their corresponding Mn,theo and Mn,NMR values.  
Table 4.1 : The GPC Characterization of H-shaped terpolymers. 
Polymer                           GPC
a
  TD-GPC
b
 
 Mn 
(g/mol) 
Mw/Mn 
 
 
Mn 
(g/mol) 
Mw/Mn Rh 
(nm) 
[η] 
(dL/g) 
dn/dc 
(mL/g) 
 
H1 
 
10600 
 
1.14 
  
12500 
 
1.15 
 
3.06 
 
0.13 
 
0.132 
H2 10800 1.06  14800 1.06 3.14 0.13 0.128 
a 
Calculated using conventional GPC in THF at 30 ºC relative to PS standards; 
b 
Calculated using triple detection GPC (TD-GPC) in THF at 35
o
C 
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5.  CONCLUSION 
In this M. Sc. Thesis, difunctional initiator having proper functionalities for 
controlled polymerization processes such as ATRP, NMP or ROP and click reactions 
such as CuAAC and Diels-Alder were used for the preparation of H-shaped 
polymers. As a result, well-controlled H-shaped polymers with controlled molecular 
weights and rather narrow molecular weight distributions were achieved. 
H-shaped polymers were synthesized via triple click strategy. A multifunctional core 
including alkyne, bromo and anthracene functions were used as a linking agent to 
form the corners of the H-shaped polymers. Three different homopolymers were 
attached to these corners to form H-Shaped polymers via via Diels-Alder, NRC and 
CuAAC reactions. 
Firstly di-azide terminated PS was prepared as a main chain by ATRP. Then TEMPO 
terminated PCL (by ROP of -CL) and main chain were attached to a multifunctional 
core including alkyne, bromo and anthracene functions with PEG-MI to form first H-
Shaped polymer via triple click reaction using one pot technique. 
Therefore, TEMPO terminated PEG and as a main chain PS were attached to a 
multifunctional core including alkyne, bromo and anthracene functions with PMMA-
MI to form second H-Shaped polymer in a same way.
  
1
H NMR spectrums, GPC and TD-GPC traces show that triple click reactions in a 
one pot manner for the preparation of H-Shaped polymers were successfully 
prepared. 
As a conclusion, it is obvious that controlled/living radical polymerization techniques 
with CuAAC and Diels-Alder click reactions for the preparation of H-shaped 
polymer with different chemical nature using one-pot technique are versatile and 
efficient synthetic methodologies. 
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